Background The bile acid derivative 6-ethylchenodeoxycholic acid (obeticholic acid) is a potent activator of the farnesoid X nuclear receptor that reduces liver fat and fi brosis in animal models of fatty liver disease. We assessed the effi cacy of obeticholic acid in adult patients with non-alcoholic steatohepatitis.
Introduction
Non-alcoholic steatohepatitis is an increasingly common cause of chronic liver disease worldwide and it is associated with increased liver-related mortality and hepatocellular carcinoma, even in the absence of cirrhosis. [1] [2] [3] Non-alcoholic steatohepatitis progresses to cirrhosis in 15-20% of aff ected individuals and is a rising indication for liver transplantation 4 but at present there are no approved therapies.
Obesity, diabetes, and insulin resistance (especially in adipose tissue) are all associated with non-alcoholic steatohepatitis and probably contribute to its pathogenesis. 5, 6 Consequently, dietary changes and lifestyle modifi cation to achieve weight reduction and improve insulin sensitivity are recommended. 7, 8 The long-term eff ectiveness of these interventions is debatable because many patients are unable to initiate or maintain dietary and lifestyle changes, 7, 9 underscoring the need for pharmacological therapy. Vitamin E and thiazolidinediones are the best studied drugs for the treatment of non-alcoholic steatohepatitis. 10 Although both improve liver histology in patients without diabetes, their eff ects in patients with diabetes are unknown. Moreover, thiazolidinediones are associated with weight gain and other adverse outcomes, and the long-term effi cacy and safety of vitamin E also remain uncertain. 11, 12 Over the last decade, lipophilic bile acids have emerged as potent modulators of metabolism and insulin sensitivity. 13, 14 When bound to the farnesoid X nuclear receptor, lipophilic bile acids promote insulin sensitivity and decrease hepatic gluconeogenesis and circulating triglycerides. 15 These benefi cial eff ects are mediated by decreased hepatic lipid synthesis and enhanced peripheral clearance of VLDL. [16] [17] [18] Farnesoid X nuclear receptor activation also increases the expression of hepatic scavenger receptors (SRB1), which accelerates reverse cholesterol transport by increasing the clearance of HDL. Based on these metabolic eff ects, pharma cological activation of farnesoid X nuclear receptor has been proposed as a target for the treatment of non-alcoholic steatohepatitis. 19 6-ethylchenodeoxycholic acid (obeticholic acid), a synthetic variant of the natural bile acid chenode oxycholic acid, is a potent activator of farnesoid X nuclear receptor. In pre-clinical studies, it improved hepatic steatosis, fi brosis, and portal hypertension. [20] [21] [22] In a small group of patients with type 2 diabetes and suspected non-alcoholic fatty liver disease, obeticholic acid improved insulin sensitivity and reduced serum alanine aminotransferase concen trations. 23 The less lipophilic bile acid ursodeoxycholic acid binds negligibly to farnesoid X nuclear receptor and in a randomised clinical trial it did not show effi cacy in non-alcoholic steatohepatitis. 24 With this background, we designed and undertook a clinical trial to assess the effi cacy of obeticholic acid in adult patients with non-alcoholic steatohepatitis.
Methods

Study design and participants
The Farnesoid X Receptor Ligand Obeticholic Acid in NASH Treatment (FLINT) trial was a multicentre, randomised trial of 72 weeks of obeticholic acid versus placebo in patients with biopsy evidence of non-alcoholic steatohepatitis. Between March 16, 2011 , and Dec 3, 2012, we enrolled patients at eight participating medical centres in the USA (appendix). Details of the trial were approved by local institutional review boards and a central data safety and monitoring board (DSMB) appointed by the National Institute of Diabetes and Digestive and Kidney Diseases, and all patients provided written informed consent. The study was done by site investigators and data were analysed by the data coordinating centre at Johns Hopkins University.
Patients enrolled in the study satisfi ed the following inclusion criteria: 18 years or older at the time of screening, histological evidence of defi nite or borderline non-alcoholic steatohepatitis based upon a liver biopsy obtained 90 days or less before randomisation, and a histological non-alcoholic fatty liver disease (NAFLD) activity score of 4 or more with a score of 1 or more in each component of the score 25 (steatosis scored 0-3, ballooning 0-2, and lobular infl ammation 0-3). Grading and staging of biopsies for the purposes of enrolment were done by the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN) pathologist at the site of enrolment. Patients were excluded for the presence of cirrhosis, other causes of liver disease, substantial alcohol consumption (>20 g/day for women or >30 g/day for men), or other confounding conditions (appendix).
Randomisation and masking
We randomly assigned (1:1) patients meeting eligibility criteria to oral obeticholic acid, 25 mg once-daily, or placebo using a computer-generated, centrally admin istered procedure, stratifi ed by clinical centre and diabetes status, and blocked by calendar date. Obeticholic acid and placebo were provided as identical tablets in identical containers labelled with code numbers. Treatment was assigned centrally using a web-based application. Patients, investigators, clinical site staff , and pathologists were masked to treatment assignment.
Procedures
After randomisation, patients returned for study visits at weeks 2, 4, and 12, and then every 12 weeks until completion of treatment at week 72, and then 24 weeks later. Blood samples were obtained at these visits for routine biochemical tests and assessment of fasting concentrations of lipids, glucose, and insulin. Bodyweight, height, and waist and hip circumferences were measured at the initial assessment and designated interim times. The Medical Outcomes Study 36-Item Short-Form Health Survey (version 2.0) (SF-36v2) was administered for the assessment of quality of life at the initial assessment and treatment completion. All patients received standardised recom mendations on healthy eating habits, weight reduction, exercise, and the management of hypertension, hypercholesterolaemia, and diabetes when indicated. We recorded all protocol violations as they occurred. There were no protocol violations, either accidental or unintentional, that increased risk, decreased benefi ts, assigned study medications in error, or enrolled patients without non-alcoholic steatohepatitis confi rmed by a NASH CRN pathologist at the clinical centre. Baseline and end-of-treatment liver biopsies were centrally assessed by the NASH CRN Pathology Committee members as a group for consensus scoring of each component of the NAFLD activity score, determine fi brosis stage, and assign a diagnosis of non-alcoholic steatohepatitis, borderline non-alcoholic steatohepatitis, or not non-alcoholic steato hepatitis. Study pathologists were masked to treatment assignment and the slides assessed centrally were diff erent cuts than the slides used to determine enrolment eligibility.
Outcomes
The primary outcome measure was improvement in centrally scored liver histology defi ned as a decrease in NAFLD activity score by at least 2 points without worsening of fi brosis from baseline to the end of treatment. Worsening of fi brosis was defi ned as any numerical increase in the stage. Secondary histological outcomes included resolution of non-alcoholic steatohepatitis, change in NAFLD activity score, and changes in the individual scores for hepatocellular ballooning, steatosis, lobular and portal infl ammation, and fi brosis. Improvement in fi brosis was defi ned as any numerical decrease in the stage. 
Haematology
Haemoglobin (g/L) 140 (15) 140 (14) Haematocrit (proportion of 1·0) 0·41 (0·04) 0·41 (0·04)
Other laboratory results
International normalised ratio 1·01 (0·08) 1·00 (0·07) mass index, waist-to-hip ratio, waist circumference), and health-related quality-of-life scores.
Metabolic factors
Because there were no human data on the effi cacy and safety of obeticholic acid as a treatment for non-alcoholic steatohepatitis, an interim analysis of a surrogate outcome, the change in alanine aminotransferase concentrations at 24 weeks, was done 65 weeks into the trial. This analysis was completed before any end-oftreatment liver biopsies were done to avoid unnecessary biopsies and drug exposure if treatment appeared to have no eff ect. The DSMB advised continuation of the trial as planned because the pre-specifi ed interim criterion of a relative change in alanine aminotransferase of -20% or less in the lower 95% CI was met (-24%, 95% CI -45 to -3) (appendix). Also, because serum cholesterol concentrations increased more in the obeticholic acidtreated patients than in the placebo-treated patients, a more aggressive approach to lipid management was adopted based on a DSMB recommendation. Patients were referred to their primary care provider for treatment of fasting LDL cholesterol more than 3·36 mmol/L if nondiabetic or more than 2·59 mmol/L if diabetic or with risks for atherosclerosis, or fasting serum triglycerides more than 2·26 mmol/L. To avoid unnecessary biopsies, there was one planned interim analysis of the primary histological outcome measure when about 50% (140 of the planned 280 patients) had completed their end-oftreatment biopsies. Based on the Lan-DeMets method with O'Brien-Fleming boundaries, 26 the criteria for superiority (p=0·0031) of obeticholic acid for the primary outcome were met (primary outcome was met in 35 [43%] of 82 in the obeticholic acid group vs 17 [21%] of 82 in the placebo group; p=0·0024). Crossing the superiority boundary led to a DSMB recom mendation and resulting decision not to biopsy the fi nal 64 patients. Because of concerns about persisting changes in cholesterol concentrations in patients receiving obeticholic acid, the DSMB also recommended dis continuing treatment, but continuing the study to the fi nal 24-week post-treatment assessment and the patients were managed accordingly. Eff ect estimates and precision for the primary outcome measure were done as specifi ed in the original protocol; no adjustments were made for potential statistical bias due to the two interim monitoring analyses (the vanguard futility analysis using alanine aminotransferase as a surrogate outcome measure and the interim effi cacy analysis using the histological primary outcome).
Statistical analysis
The primary intention-to-treat analysis of patients with histological improvement excluded the fi nal 64 patients who did not have a biopsy. All patients were included in the analyses of secondary non-histological outcomes and safety issues. The primary outcome and binary secondary outcomes were analysed using the Mantel-Haenszel test for binary outcomes stratifi ed by clinical centre and diabetes status; continuous secondary outcomes were analysed using ANCOVA models relating change in the continuous outcome from baseline to 72 weeks to treatment group and to the baseline value of the outcome. The planned sample size was 280 patients with equal assign ment to two groups (140 per group). The study was powered at 90% to detect a 1·5 times increase in the rate of histological improvement assuming 10% loss to followup, 39% improvement rate in the placebo group, and a two-sided type 1 error of 5%. Statistical analyses were done with SAS (SAS Institute 2011, Base SAS 9·3 Procedures Guide) and Stata (StataCorp 2013, Stata Statistical Software: release 13). The trial was registered with ClinicalTrials.gov, number NCT01265498.
Role of the funding source
The FLINT trial protocol was written by a subcommittee and approved by the steering committee of the NASH CRN (appendix). JT and MLVN had full access to the data; BAN-T, RL, AJS, JEL, MLVN, JMC, JT, EMB, and DEK were responsible for submitting the manuscript. Data analyses were reviewed by the study investigators and the DSMB. The manuscript was written by a Data are n (%) or mean (SD). HOMA-IR=homoeostasis model assessment-estimated insulin resistance. *History of cholesterol or triglyceride elevations as determined by the site investigator. †Fibrosis was assessed on a scale of 0-4, with higher scores showing more severe fi brosis. ‡Total non-alcoholic fatty liver disease (NAFLD) activity was assessed on a scale of 0-8, with higher scores indicating more severe disease; the components of this measure are steatosis (assessed on a scale of 0-3), lobular infl ammation (assessed on a scale of 0-3), and hepatocellular ballooning (assessed on a scale of 0-2). §Portal infl ammation was assessed on a scale of 0-2 with higher scores showing more severe infl ammation. Table 1 : Baseline characteristics of the study population subcommittee and approved by the members of the steering committee, who assume responsibility for the conduct of the trial and integrity of the data, the overall content of the manuscript, and the decision to submit it for publication. Partial funding for the trial, obeticholic acid, and an identical placebo were provided by Intercept Pharmaceuticals under a Collaborative Research and Development Agreement with the National Institute of Diabetes and Digestive and Kidney Diseases. Intercept Pharmaceuticals provided comments on the study protocol but was not involved with the study design, data analyses, and interpretation, or writing and submission of the manuscript.
Results
283 patients with histologically proven non-alcoholic steatohepatitis or borderline non-alcoholic steatohepatitis based on the site pathologist reading of the liver biopsy were randomly assigned to receive obeticholic acid (n=141) or placebo (n=142) (fi gure 1). 15 (5%) patients had minor protocol deviations, mainly from timing targets (entry liver biopsies outside the stated 90-day window by up to 11 days, and baseline laboratory results outside stated time windows, but never after randomisation). The baseline demographic, clinical, laboratory, and histological characteristics of the two treatment groups were similar (table 1) . Subsequent central review of the initial liver biopsies indicated that of 282 patients (one patient had missing baseline histology), 225 (80%) had defi nite nonalcoholic steato hepatitis at study entry. The overall mean NAFLD activity score on central review was 5·2 and ranged from 3 to 8. Of 282 patients, stage 3 fi brosis was present in 63 (22%) and cirrhosis in 2 (1%) on central review. All patients received their assigned treatment.
The primary intention-to-treat analysis of the proportion of patients with histological improvement was done on 219 patients (110 in the obeticholic acid group and 109 in the placebo group), which excluded the 64 patients not eligible for a biopsy (31 were assigned to obeticholic acid and 33 to placebo). This analysis represented the patients who were eligible for a 72-week biopsy before the decision was made to stop post-treatment biopsies and treatment (fi gure 1). Biopsy-eligible patients who were not biopsied were counted as not improved (eight in the obeticholic acid group and 11 in the placebo group).
50 (45%) of 110 patients in the obeticholic acid group had im proved liver histology (2-point or greater improvement in NAFLD activity score without worsening of fi brosis) compared with 23 (21%) of 109 patients in the placebo group (relative risk 2·2, 95% CI 1·4-3·3; p=0·0002) (table 2). These results did not change after prespecifi ed sensitivity analyses with adjustment for confounders (including weight loss) and multiple imputation for eight patients treated with obeticholic acid and 11 treated with placebo who had missing data on the primary outcome (appendix). Post-hoc subgroup analysis showed no diff erence in the treat ment eff ect for the primary outcome between baseline demographic, clinical, or previous treatment subgroups (appendix).
More patients assigned to obeticholic acid compared with placebo had improvement in fi brosis, hepato cellular balloon ing, steatosis, and lobular infl ammation (table 2) . The mean change in the NAFLD activity score was greater in patients treated with obeticholic acid than placebo (change from baseline=-1·7 vs -0·7; p<0·0001). Despite these improvements in the individual histological features of non-alcoholic steatohepatitis, the proportion of patients with resolution of non-alcoholic steatohepatitis (ie, change from baseline diagnosis to not non-alcoholic steatohepatitis) did not diff er in patients treated with obeticholic acid compared with placebo (22 Change in score 0·2 (0·7) 0·2 (0·7) 0·0 (-0·1 to 0·2) 0·59 Data are n (%) or mean (SD). *p values and relative benefi t were calculated with the Cochran-Mantel-Haenszel chi-square test, stratifi ed by clinic and diabetes status, for binary outcomes; p values and mean changes from baseline were calculated using ANCOVA, regressing change from baseline to 72 weeks on treatment group and baseline value of the outcome, for outcome scores. †The primary outcome was an improvement in histological fi ndings, which required a decrease of 2 or more points in the total non-alcoholic fatty liver disease (NAFLD) activity score and no worsening in the fi brosis score; 11 patients in the placebo group and eight in the obeticholic acid group had missing histological data at week 72, and the results for these patients were imputed as a lack of improvement; NAFLD activity score was assessed on a scale of 0-8, with higher scores showing more severe disease (the components of this measure are steatosis [assessed on a scale of 0-3], lobular infl ammation [assessed on a scale of 0-3], and hepatocellular ballooning [assessed on a scale of 0-2]). ‡Number of randomly assigned patients with observed or expected week 72 visit before protocol modifi ed on Jan 6, 2014, to eliminate week 72 biopsy. §Resolution defi ned as either not NAFLD, or NAFLD but not non-alcoholic steatohepatitis on week 72 biopsy. ¶Fibrosis was assessed on a scale of 0-4, with higher scores showing more severe fi brosis. ||Portal infl ammation was assessed on a scale of 0-2, with higher scores showing more severe infl ammation.
Table 2: Changes in histological features of the liver after 72 weeks of treatment
All patients who completed their fi nal on-treatment study visit and the visit 24 weeks after stopping treatment (including those without a fi nal biopsy due to early treatment termination) were included in the group comparisons of non-histological secondary outcomes. Signifi cant reductions in serum alanine aminotransferase and aspartate aminotransferase concentrations developed over the fi rst 36 weeks of treatment with obeticholic acid and were sustained for the duration of treatment (fi gure 2, appendix). By contrast, serum alkaline phosphatase concen trations increased, although γ-glutamyl transpeptidase concentrations (another indicator of cholestasis) decreased. These changes in liver enzyme concentrations reversed after obeticholic acid was stopped and at 24 weeks after treatment discontinuation there were no signifi cant diff erences between the two groups (fi gure 2, appendix).
Compared with placebo, treatment with obeticholic acid was associated with weight loss and a small decrease in systolic blood pressure (fi gure 2, table 3). Fasting serum insulin concentrations were higher and the homoeostasis model of assessment (HOMA) indicated greater hepatic insulin resistance with obeticholic acid treatment compared with placebo at week 72 (table 3) . The changes in HOMA and weight reverted towards baseline after treatment was stopped in the obeticholic acid group but not in the placebo group (appendix).
Compared with placebo, treatment with obeticholic acid was associated with higher concentrations of total serum cholesterol and LDL cholesterol, and a decrease in HDL cholesterol (appendix). These changes developed within 12 weeks of beginning treatment, diminished in magnitude while on treatment, and were not sustained after treatment dis continuation. There was an early decrease in serum triglycerides at 12 weeks of treatment but the concentrations were not diff erent from placebo at 72 weeks (table 3, appendix).
Clinical adverse events were generally mild to moderate in severity and were similar in the two groups for all symptoms except pruritus (table 4). Pruritus was reported in 33 (23%) of 141 obeticholic acid-treated patients and nine (6%) of 142 placebo-treated patients (p<0·0001). Pruritus was also more severe in the obeticholic acid group, led to the use of antipruritic medications or short periods of withholding treatment in some patients, and treatment discontinuation in one patient. There were no diff erences in mental or physical quality-of-life measures 
Other laboratory results
Prothrombin time (s) -0·1 (2·4) 0·0 (2·2) -0·2 (-0·6 to 0·1) 0·16
International normalised ratio -0·03 (0·07) 0·00 (0·08) -0·02 (-0·04 to -0·01) 0·002
Metabolic factors
Insulin (pmol/L) 29 (159) 10 (111) 38 (6 to 69) 0·02
Waist-to-hip ratio 0·00 (0·06) 0·00 (0·06) 0·00 (-0·01 to 0·02) 0·57 
SF-36 Quality of life
Physical component summary 0 (7) -1 (7) 1 (-1 to 3) 0·22
Mental component summary 0 (9) 1 (9) 0 (-3 to 2) 0·65 HOMA-IR=homoeostasis model assessment-estimated insulin resistance. *p values and mean changes from baseline were calculated using ANCOVA models, regressing change from baseline to 72 weeks on treatment group and baseline value of the outcome . were judged by the masked local physician possibly, probably, or defi nitely related included three events of pruritus, one of hyperglycaemia, and one of dysarthria and dizziness possibly due to cerebral ischaemia. Four severe or life-threatening events in those receiving placebo that were judged related included gastrointestinal pain, headache, muscle weakness, and vertigo with nausea and vomiting. Two patients died during the study, both receiving obeticholic acid (one from sepsis and congestive heart failure, and the other from cardiac ischaemia or infarction) but neither was considered related to treatment by the site investigator.
Discussion
In this randomised, placebo-controlled, clinical trial, the farnesoid X nuclear receptor agonist obeticholic acid improved the biochemical and histological features of non-alcoholic steatohepatitis compared with placebo in patients without cirrhosis. Importantly, all components of the NAFLD activity score (steatosis, hepatocellular ballooning, and lobular infl ammation) and fi brosis improved. The improvement in fi brosis, although small, shows that this therapy might be benefi cial in preventing progression to cirrhosis (panel). A strength of this trial was the assessment of liver biopsies by a panel of expert liver pathologists who arrived at consensus interpretations of the features of non-alcoholic fatty liver disease and the diagnosis of non-alcoholic steatohepatitis for each biopsy. Inherent to this approach is the inability to use a committee assessment to determine enrolment eligibility; instead, each pathologist individually assessed the biopsies using diff erent slides to assess enrolment eligibility. This approach led to unavoidable discordant interpretations in a fraction of cases due to interobserver variability and diff erences between diff erent sections of the same biopsy, as it did in the PIVENS trial. 27 Weaknesses of the trial included lack of detailed tracking of interventions including dose information to treat hyperlipidaemia during the trial. Additionally, smoking history was not captured until midway through the course of the trial.
Although obeticholic acid had an eff ect on the primary endpoint, it did not cause a signifi cant proportion of patients to cross the threshold from a histological diagnosis of defi nite or borderline non-alcoholic steatohepatitis to a diagnosis of not non-alcoholic steatohepatitis. One explanation is that the improvement in the NAFLD activity score might refl ect a decrease in the severity of disease but not to the point of resolution of non-alcoholic steatohepatitis. Alternatively, reductions in the NAFLD activity score might not fully refl ect changes in non-alcoholic steatohepatitis severity because the two histological assessments of this disease are not equivalent. Findings from a previous cross-sectional study reported that the NAFLD activity score correlates more with increases in serum aminotransferase whereas the pathologist's diagnosis of non-alcoholic steato hepatitis correlates more with features of the metabolic syndrome. 28 Long-term outcome studies are needed to determine which histological measures of non-alcoholic fatty liver disease severity have the greatest clinical signifi cance in terms of progression to cirrhosis and its complications.
The eff ects of obeticholic acid treatment on non-alcoholic steatohepatitis need to be placed in context. In a previous study done by the NASH CRN, improvements in histological features of non-alcoholic steatohepatitis were also reported with vitamin E and pioglitazone. 27 The studies had somewhat diff erent inclusion and exclusion criteria and primary endpoints, but the overall histological improvement rates were similar: 50 (45%) of 110 treated with obeticholic acid, 36 (43%) of 84 with vitamin E, and 27 (34%) of 80 with pioglitazone. Improvement in the two placebo groups was also similar (23 Other ¶ 9* 4 *Includes one or more serious or life-threatening events described in the text. †Congestive heart failure, cardiomyopathy, or arrhythmia. ‡Neuropathy, ataxia, insomnia, or restlessness. §Incontinence, pain, acute renal failure, or urine colour change. ¶Small bowel obstruction, dehydration, haemorrhoids, distension, benign polyp removal, oesophageal injury, blood in stool, appendicitis, melaena, diverticulitis, anorexia, or painful bowel movement. Finally, mean changes in histological scores were similar in the two trials, with improvements in mean NAFLD activity scores of -1·7 (SD 1·8) for obeticholic acid, -1·9 (2·1) for vitamin E, and -1·9 (1·8) for pioglitazone, compared with -0·7 (1·8) and -0·5 (1·8) in the two placebo groups. Farnesoid X receptor activation decreases hepatic lipogenesis by down-regulating the transcription factor SREBP1c and increasing SIRT1 17, 18 and these eff ects could play a part in the benefi cial eff ect of obeticholic acid in non-alcoholic steatohepatitis. However, an important function of farnesoid X receptor activation is to reduce bile acid synthesis by inhibiting the conversion of cholesterol to bile acids, a major mechanism of cholesterol disposal. Blocking the conversion of cholesterol to bile acids could increase serum cholesterol concentrations, which might account for the changes in serum cholesterol concentrations recorded during obeticholic acid treatment. The eff ect of farnesoid X receptor agonists on cholesterol metabolism is complex because they might also promote reverse cholesterol transport out of tissues. In view of these complexities, cholesterol changes need prospective monitoring and analysis in future studies of obeticholic acid therapy for liver disease. 15, 29 In this study, the changes in cholesterol peaked in the fi rst 12 weeks and the management of dyslipidaemia might have contributed to the changes towards baseline observed over time.
Obeticholic acid was generally well tolerated. The only adverse event occurring more frequently than with placebo was pruritus. Pruritus was also observed with obeticholic acid treatment in patients with primary biliary cirrhosis. 30 Hepatic insulin resistance, estimated using the homoeostasis model of assessment based on fasting glucose and insulin concentrations, increased between baseline and 72 weeks of treatment with obeticholic acid, whereas in a recently published small study in diabetic patients, treatment for 6 weeks was associated with improved insulin responsiveness as measured by the hyperinsulinaemic euglycaemic clamp method. 23 These fi ndings suggest that the eff ects of obeticholic acid on insulin resistance might be transient and reversed by adaptive mechanisms in response to long-term treatment with farnesoid X nuclear receptor agonists.
The benefi ts of improving the histological features of non-alcoholic steatohepatitis and reducing serum aminotransferase concentrations without suppressing disease activity to the point of resolution need to be shown. Importantly, the improvements with obeticholic acid confi rm that farnesoid X nuclear receptor signalling aff ects lipid metabolism in the liver and can be changed with farnesoid X nuclear receptor ligands in human beings. Treatment with obeticholic acid was associated with pruritus that rarely needed discontinuation, but treatment caused changes in the serum cholesterol pool and insulin resistance that could signal an increased risk of atherogenesis. Future studies of farnesoid X nuclear receptor agonists will need to address the consequences of these changes on cardiovascular outcomes. Thus, obeticholic acid improves the histological features of non-alcoholic steatohepatitis, but its long-term safety requires further clarifi cation. 
Panel: Research in context
Systematic review
Reported clinical trials for non-alcoholic steatohepatitis were reviewed by searching Medline for English language publications from Jan 1, 1965, to Sept 30, 2014, for "fatty liver", "NAFLD", "NASH", "steatohepatitis", "farnesoid X receptor", and "FXR". A paucity of evidence supports the routine use of any drugs, and at present there are no approved therapies for non-alcoholic steatohepatitis. Non-alcoholic steatohepatitis is a common cause of chronic liver disease and is rapidly increasing as a cause of cirrhosis and hepatocellular cancer. Obesity and insulin resistance are the most common risk factors for non-alcoholic steatohepatitis and clinical trials of thiazolidinediones such as pioglitazone and vitamin E suggest that they are both better than placebo in terms of improving liver histology. 27 However, the use of thiazolidinediones is restricted by adverse eff ects such as weight gain, fl uid retention, increased fracture risk (especially in older women), and bladder cancer. Similarly, the long-term safety of vitamin E has not been established and it might increase the risk of prostate cancer.
Bile acids have emerged as key regulators of metabolism via membrane and nuclear receptors, such as farnesoid X receptor. Farnesoid X receptor activation can improve hepatic insulin sensitivity and also decrease steatosis by inhibition of lipogenesis. In animal models, farnesoid X receptor agonists cause regression of atherosclerosis and have indirect anti-fi brotic eff ects. 15, 17, 21, 22 These characteristics make farnesoid X receptor an attractive target for the treatment of non-alcoholic steatohepatitis. Findings from a pilot study of the farnesoid X receptor agonist obeticholic acid in diabetic patients with suspected nonalcoholic fatty liver disease showed an improvement in insulin sensitivity, weight loss, and a decrease in some, but not all, liver enzymes. 23 These results formed the basis for our phase 2b randomised controlled trial of obeticholic acid for non-alcoholic steatohepatitis.
Interpretation
In our trial, obeticholic acid improved the histological features of non-alcoholic steatohepatitis, including hepatic steatosis, infl ammation, hepatocyte ballooning, and fi brosis. Importantly, the trial included a substantial proportion of diabetic patients and also vitamin E non-responders. Despite the improvement in the key features of non-alcoholic steatohepatitis, including fi brosis, these improvements were not enough to reduce the number of patients with a diagnosis of non-alcoholic steatohepatitis. The positive fi ndings are tempered by the observation of pruritus in 23% of patients and an increase in total cholesterol and LDL cholesterol, and a modest decrease in HDL cholesterol. Long-term studies are needed to confi rm the benefi cial eff ects of obeticholic acid in patients with non-alcoholic steatohepatitis, and to determine the clinical relevance of the changes in circulating lipids induced by farnesoid X receptor ligands.
